The use of recycled Reclaimed Asphalt Pavement (RAP) material into flexible pavement contributes to sustainable development with environmental and economic benefits. In the present work, Semi-Circular Bending (SCB) specimen has been adopted to study the flexural strength and mode-I fracture toughness of flexible pavement with and without RAP. Two different resources of RAP, namely KS and KF, with two different percentages (20% and 40%) have been examined. Smooth and cracked specimens have been cast to measure the flexural strength and mode-I fracture of flexible pavement containing RAP, respectively. Smooth and cracked specimens for flexible pavement without RAP, as control beams, have been cast for the sake of comparisons. The experimental results showed that, the flexural strength and mode-I fracture toughness of flexible pavement containing 40% RAP are higher than those of flexible pavement without RAP, for the two types of RAP. Comparison between the of work of fracture calculated based on AASHTO TP 105-13 and AASHTO TP 124-16 showed that, the calculation based on AASHTO TP 105-13 is more accurate than that based on AASHTO TP 124-16. Furthermore, the suggested quad-linear relation to work of fracture predictions is easier and more reasonable for presenting the experimental results especially for the descending part of P-LLD curve than that suggested as exponential curve by AASHTO TP 124-16. For all groups, the type of failure is intergranular-mode fracture.
INTRODUCTION
Repeated traffic loading usually induces daily damages of pavement. Many attempts were made to enhance the properties of asphalt pavements by adding fibers, nanofibers, and Polymers (Yoo et al., 2018 , Naqi et al., 2018 , Abtahi et al., 2010 . The use of reclaimed asphalt pavement (RAP) as recycling flexible pavement material becomes more widespread in last three decades (Ulsen et al., 2018 , Mubaraki and Sallam, 2018 , Al-Qadi et al., 2014 . RAP is defined as recycling flexible pavement material to produce reusable asphalt. From environmental, economic, and also technical points of views, RAP is considered one of the most important approaches in the road industry. Therefore, using RAP may be saving virgin materials, decreasing the cost of asphalt, and preserving the environment (Al-Qadi et al., 2014) . As is already known, the RAP binder is aged, making it substantially harder than the normal or virgin bitumen used in hot mix asphalt (HMA) mixes. This may, however, be beneficial with respect to controlling rutting because a higher stiffness contributes to improved resistance against rutting. A stiffer binder, however, may increase the propensity to cracking and to reduced tensile strength and fatigue life. Under repeated loadings, RAP greater than 20% showed harmful effects on the fatigue life of pavements, as reported in the literature (Abdulshafi, et al., 2002 , Cascione et al., 2010 , Johnson et al., 2010 , Kim et al., 2009 , Li et al., 2008 , McDaniel and Shah, 2003 , Mogawer et al., 2011 . Ghabchi et al. (2016) evaluated the mechanical properties based on performance of mixes containing different ratios of RAP and/or recycled asphalt shingles (RAS). Generally, dynamic moduli of pavements containing RAP and/or RAS were greater than that of the virgin mix. On the other hand, Mubaraki et al. (2017) simulated the crack resistance in concrete pavement with different RAP contents as a first stage of a project funded by Jazan University, Kingdom of Saudi Arabia. A comparison between their results and that obtained experimentally by Hossiney et al. (2010) showed that the finite element is a suitable tool to predict such materials. In addition, Mubaraki et al. (2013) showed that replacement 10% of fine aggregate by rubber particles improved the fracture toughness of concrete pavement. Sallam and Abd-Elhady (2012, 2013) examined the reliability of SCB specimens with inclined crack for predicting crack initiation and growth under mixed mode using 3D finite element analysis. For all modes of mixities, the crack path initiated from the pre-crack tip to the position of applied load. Recently, Mubaraki and Sallam (2018) concluded that SCB specimen is a suitable candidate to get the fracture behavior of asphalt materials under static and dynamic mode I loading. They found that the ratio of plane stress to plane strain fracture toughness (KC/KIC) for pavement materials ranged between 3.1 and 6.2. They found that this ratio was directly proportional to the fatigue life of the specimen, i.e. viscoelasticity effect. Sallam et al. (2014) , and Sallam and Mubaraki (2015) examined the reliability of such specimen for predicting fracture toughness of rigid pavements materials using the concept of maximum undamaged defect size (dmax). Concrete pavements with two different short fibers (glass fiber and steel fiber) were used. According to RILEM Committee 50-FMC, the experimental results showed that the maximum undamaged defect size divided by the maximum aggregate size (MAZ), dmax/MAZ, was greater than unity, i.e. the fracture energy calculated according to RILEM Committee 50-FMC is not computable with the flexural strength of the material. Furthermore, Mousa et al. (2018) generalized the dmax concept to predict the maximum size of imperfection in sandwich materials beyond which the peeling strength of the interface between the layers was decreased. The procedures suggested by Sallam and co-woekers (Sallam, 2003 , Al Hazmi et al., 2012 , Abou El-Mal et al., 2015 to apply dmax into equation of fracture toughness are as follows: Incorporating the flexural strength of the material (uncracked specimen), f, instead of the critical applied stress along with the fracture toughness of the material, KIC, hence, dmax instead of the crack length, as shown in the following Eq.:
One of the main objectives of the current study is to experimentally study the flexural strength and mode-I fracture toughness of flexible pavement with different RAP percentages. Two different resources of RAP, namely KS and KF, with two different percentages (20% and 40%) have been examined. Therefore, two different types of SCB specimens, namely smooth (uncracked) and cracked specimens have been cast to measure the flexural strength and mode-I fracture of flexible pavement containing RAP, respectively. Smooth and cracked specimens for flexible pavement without RAP, as control beams, have been cast for the sake of comparisons. The second objective of the present work is to apply the concept of dmax to evaluate the fracture toughness of flexible pavement containing RAP measured from the SCB specimen suggested by different specifications AASHTO TP105-13 (2015) , AASHTO TP 124-16 (2016) and EN 12697-44 (2010) . Finally, the methods of computing the work of fracture (area of the ascending and descending parts of load versus load line displacement, P-LLD, curve) suggested by these specifications were evaluated and developed as a third objective of this study.
EXPERIMENTAL WORK

Constituents materials
Three types of materials were used in this research, i.e., bitumen, virgin aggregate (VA), and RAP. Bitumen is a byproduct of crude petroleum refining, 60/70 bitumen. To evaluate the asphalt properties a set of laboratory tests were carried out including: penetration, ductility, softening point, flash and fire point and specific gravity. Table 1 presents bitumen properties. Virgin aggregate is a mix of granular particles with different sizes and shapes produced by mechanical crushing of natural or industrial stones. The RAP material was obtained from two ongoing projects, namely the King Saud (KS) Highway and the King Faisal (KF) highway in the Eastern Province, Dammam, KSA. Samples were collected from the two highways as a milling machine cut about 100 mm from the top of the asphalt layer, and were kept in stockpiles along the road. A representative ten samples from these RAP stockpiles were taken obtained from different locations around the stockpiles to eliminate the effect of segregation. All samples were taken from a depth at least 150 mm from the surface of the stockpile. Samples were sieved to remove material larger than 50 mm and discarded. A sample weight of 5 kg was used for asphalt mix testing and for mix design. Individual samples were extracted for aggregate gradation and asphalt content. This test was done to determine the bitumen content as per ASTM 2172. According to ASTM specifications, the properties of virgin aggregate were measured including gradation, soundness, crushing value, impact value, flakiness and elongation. The results of these tests were compared to the minimum requirements of the AMANA of Eastern Province specifications, see Table 2 . The filler material used as supplement the finest part of the aggregate in asphalt mix design. 
Specifications of asphalt mixture for wearing course from three different sources were examined. Ministry of Municipality and Rural Affairs specifications for wearing course were used to identify the limits of mix gradation. Different blending for aggregate were carried out using coarse, medium and fine aggregate samples in order to satisfy limits and specifications of Eastern Province (AMANA) as shown in Fig. 1 . Figure 1 shows the aggregate gradations blending for AMANA specifications, control mix, and aggregate mix containing 20% and 40% of RAP. 
Marshall mix design
Marshall mix design method was used to obtain optimum bitumen content (OBC) for the mixtures. Approximately 1200 g of mixed aggregate and filler were heated to a 150 ºC. Then bitumen heated to 145 ºC. Percentages of 5.0%, 5.5%, 6.0%, 6.5%, 7% and 7.5% of bitumen by weight were added to the hot aggregate and thoroughly mixed to obtain the required asphalt mixture; the asphalt mixture then placed in a mold and the specimen then compacted with 75 blows (simulating heavy traffic) on both sides. Three specimens were prepared for each trial bitumen contents. The specimens were delivered to a Marshall test machine one by one to determine their flow values and stability. To determine the corrected stability values of the mixture a correction factor was used.
Extraction tests were carried out to obtain the percentage of bitumen in RAP aggregate, as mentioned above. RAP of 20% and 40% by weight of aggregate from the two sources were used to prepare the hot mix specimens with RAP. Then the mix density, voids in mix, aggregates voids and voids with asphalt were calculated. The average values for each of these properties were found for each mix with the different bitumen contents. The properties of asphalt mixtures for control mix and mixes with RAP were plotted graphically versus bitumen content. The optimum bitumen content for all mixes were determined as an average mean from the curves, and then plotted with values checked against the limits set in AMANA specifications. Table 3 showed the results of OBC for all mixes. The OBC decreased as the RAP content increased. 
Retained Marshall Stability
Marshal tests for stability were carried out for all mixes after been conditioned in water bath at 60°C for 30-60 minutes per ASTM D 1075 specifications. To obtain retained Marshal's stability the specimens were tested after been immersed in water bath at 60°C for 24 hours. The retained Marshal's stability results was calculated as the percentage of Marshall Stability for specimen conditioned for 30-60 min to that specimens conditioned for 24 hrs as shown in Table 4 . 
Tensile Strength Ratio (TSR)
The tensile strength ratio (TSR) is an indication for potential moisture damage. Two sets of samples were prepared to calculate the tensile strength ration according to ASTM D 4867 specifications. One set of specimen maintained dry while the one is saturated in water bath at 60oC for 24 hours. First calculate tensile strength from Equation (3). Then calculate the TSR from Equation 4. The average results of 2 samples presented in Table 5 .
Where: St = tensile strength, P = maximum load, t = specimen thickness, D = specimen diameter.
Where: Stc average indirect tensile strength of conditioned specimens and Stuc is indirect tensile strength of unconditioned specimen. 
Preparation of Semicircular Bend Specimen
Based on the results of Marshall method for control mixture and mixtures containing 20% and 40% RAP specimens produced with a mould 150 mm in diameter, according to AASHTO specifications (2015 AASHTO specifications ( , 2016 . RAP from two sources, the King Saud and King Faisal highways, were used to prepare the specimens. Moulds containing mixes of aggregate blending, with a 19 mm nominal maximum aggregate size (MAZ) and optimum bitumen content were prepared and compacted using an automatic compactor to obtain cylindrical samples. The final compacted test cylinders of 150 mm diameter and 50 mm thickness were obtained. Each sample was cut into two halves to create semicircular test specimens. Six semicircular specimens were prepared for each mix, three used as smooth specimens and three used as cracked specimens. A notch of 15 mm depth was sawn into the flat side of specimens opposite to the curved side, to prepare the cracked specimens.
The testing machine, SCB test fixture, and SCB specimen are shown in Fig. 2 . Test procedure followed AASHTO specifications (2015, 2016 
RESULTS AND DISCUSSION
Since asphalt-aggregate interface is the weakest region in all tested materials, the cracks grow through this interface, i.e., the type of failure is intergranular fracture as shown in Fig. 3 . The bond strength of the interface depends on the compatibility between the bitumen and aggregate as mentioned by Ji et al. (2017) . As is already known, there are two different types of bond strength of the interface, i.e. the adhesion and cohesion bond strengths. Cohesion depends on the rheological properties of the asphalt binder, which was developed in the asphalt mastic and asphalt binder mixed with fine aggregate. The adhesive bond strength consists of chemical, surface energy, and mechanical adhesion. Ahmed et al. (2018) found that the Polyethylene (PE) wax-based Warm Mix Asphalt additive improved the bond strength of the interface. The same observation was found by Moraes et al. (2011) . They concluded that additives improved both the adhesion and the cohesion bond strengths. 
A comparison between the relationships of P-LLD curve
In AASHTO TP 105-13 (2015), work of fracture, Wf (Joules), calculated from load-load line displacement (P-LLD) curve, i.e. area under the whole curve, is based on the actual measurements by using quadrangle rule. However in AASHTO TP 124-16 (2016) , the area under the whole P-LLD curve is calculated using a numerical integration technique. This technique has been applied by dividing the raw data of P-LLD into two parts, i.e. the ascending part and the descending part, and represented by appropriate equations. AASHTO TP 124-16 (2016) suggested that the 3 rd -order polynomial equation is sufficient to fit the ascending part, while an exponential-based function is appropriate to fit the descending part as follows:
where: d, e, f = polynomial coefficients, and n is the number of exponential terms. In the descending part, there is an obvious point (m) which is the inflection point. The slope of the tangential curve drawn at the inflection point represents post-peak slope, m, which is used in calculating Flexibility Index, (a dimensionless quantity), = 0.01 ( ⁄ | | ).
Where, = ( ⁄ ) × 10 6 ((Joules/m 2 ), and = ligament area, ligament length x specimen thickness (mm 2 ). It is worth noting that P-LLD data for one specimen of each group are presented in Fig. 4 .a for smooth specimens and in Fig. 4 .b for cracked specimens. Comparatively, the shape of these data differs from the schematic curve presented in AASHTO TP 124-16, see Fig. 4 in AASHTO TP 124-16 (2016) . Therefore, a comparison between the aforementioned techniques, in addition to a suggested present relation, has been made and presented in Fig. 5 for smooth and cracked specimens made of virgin materials. For simplicity and without any defect in accuracy, quad-linear curve has been suggested to fit both parts of the P-LLD curve. In the ascending part, the first line of the quad-linear curve represents the elastic behavior of the material and the second line represents the nonlinear behavior of the material. The end of the second line represents the point of ultimate load. The intersection between the third line and the fourth line of the quad-linear curve represents the inflection point (m), and the slope of the third line represents post-peak slope. A comparison between the experimental (observed) results and predicted (fitted) values from the present quad-linear curve has been provided using the most general definition of the coefficient of determination, R-squared (R 2 ), as follows (Kutner et al., 2005) :
where: SSTO is the total sum of squares, SSTO = SSE + SSR
, SSE is the error sum of squares,
, and SSR is the regression sum of squares, SSR = ∑ ( � − �) 2 =1
. denotes the observed (measured) response for experimental term "i", i ranged from 1 to n, � is the predicted value for the experimental (measured) , and � is the mean of the observed (measured) data. Both the suggestion of AASHTO TP 124-16 (2016) and the present quad-linear curve fitted well the ascending part of the data as shown in Figs. 5.a to 5.d, i.e. R 2 > 0.95. However, both of them can not fit well the data in the descending part due to large scattering (differences) between the results of the replicas of these specimens. This may be attributed to the differences in the crack trajectory in each replica of these specimens, as shown in Fig. 6 . On the other hand, the present quad-linear relation is easier and more reasonable for presenting the experimental results especially for the descending part of P-LLD curve, than that suggested as exponential curve by AASHTO TP 124-16, Eq. 5. Furthermore, R 2 for descending part in quad-linear of smooth and cracked specimens are about 1.3 times and 4.5 times those of exponential curve suggested by AASHTO TP 124-16, respectively. The calculated values of the ultimate load and the work of fracture according to the actual data, the suggestion of AASHTO TP 124-16, and the present quad-linear curve shows that quad-linear curve is a simple and appropriate method to describe such data, as shown in Fig. 5. Figure 7 shows P-LLD curves of smooth specimens for all RAP groups. Once again, R 2 for the whole data (ascending and descending parts) fitted by quad-linear relation is greater than 0.9 for all smooth specimens made of different RAP. There is a dilemma, which is that accurate calculation of ultimate tensile strength (UTS) of the material can't be made through SCB specimen, due to the discrepancy in the suggested equations in the literature. For example Van de Ven et al. (1997) suggested the following equation to determine the maximum tensile stress in smooth SCB specimen based on plain strain hypothesis and S/R = 0.8, D = 2R = 150 mm and t = 50 mm:
Smooth specimens
Equation 7 
It is clear that, the UTS calculated based on Eq. 7 (recommended by EN 12697-44) is lower than 0.9 that based on Eq. 8 (Yu, 2009) . For the sake of reliability, Eq. 7 has been examined using dmax concept (Sallam et al., (2014) . The results of ultimate load, secant stiffness, S, post-peak slope, m, work of fracture, Wf, fracture energy, Gf, and flexibility index, FI, of smooth specimens of all groups are calculated in Table 6 base on the present quad-linear relation. It can be seen that the replacement of RAP increased the ultimate load for all percentage and type of RAP except 20% RAP-KF. However, the opposite was observed for work of fracture except in the case 40% RAP-KS. It is worth noting that replacement of 40% RAP-KS increased the ultimate load and work of fracture of flexible pavement by about 45% and 10%, respectively. The concepts of fracture energy and flexibility index suggested by AASHTO TP 124-16 (2016) were implemented for smooth specimens by equating the length of ligament with the radius of the specimen (whole the specimen height). FI ranged between 4 and 47 for smooth specimens. On the other hand, Ozer et al. (2016) concluded that "the range of FI values for the laboratory produced mixes was in the range from 2 to 16 with an increasing brittleness with lower FI values". As mentioned by Ozer et al. (2016) , FI may be considered as a parameter of process zone size or other combinations with a good correlation to crack growth speed. Figure 8 shows P-LLD curves of cracked specimens for all RAP groups. As found in smooth specimens, R 2 is equal to or greater than, ≥, 0.9 for the whole data of all cracked specimens (ascending and descending parts) fitted by quad-linear relation. The results of ultimate load, secant stiffness, S, post-peak slope, m, work of fracture, Wf, fracture energy, Gf, and flexibility index, FI, of cracked specimens of all groups are calculated in Table 6 base on the present quad-linear relation. For all percentages and types of RAP, the flexible pavement containing RAP has higher ultimate load and work of fracture than those of flexible pavement without RAP. The ultimate load and work of fracture are increased by increasing the RAP percentage. Since there are only small differences between the properties constituting the two sources of RAP, the RAP source has a marginal effect. FI ranged between 5 and 28 for cracked specimens. AASHTO TP 124-16 (2016) suggested that FI as a provider to recognize the brittleness of mixes. Service life and environmental conditions are the main parameters controlling the range for an acceptable. The comparison between the values of FI measured from the smooth specimens and those from cracked specimens revealed that there is no clear trend for FI, some values increased, others decreased, and the rest kept constant, see Table 6 . Furthermore, Ozer et al. (2016) suggested three different relations to calculate FI, one of them as suggested by AASHTO TP 124-16 (2016) . Therefore, the concept of FI should be reviewed and needs extra work to be verified.
Cracked specimens
The fracture toughness according to AASHTO TP 105-13 has been calculated as follows: It is clear that, when "a" approaches zero (0.8) = 4.845, i.e., it is close to the constant in equations 7 and 8. Figure 9 shows that the fracture toughness increased by increasing the RAP% for both types of RAP. To examine the equation of UTS calculated by Eq. 7 with dmax concept as mentioned above, the examination of the set of equations calculated the fracture toughness according to EN 12697-44 (2010) has been made first. This examination shows two severe drawbacks as follows: First, the fracture toughness equation is not compatible from the units point of view: 
and as suggested by Van de Ven et al. (1997) , Eq. 1 in MPa. Then, from the units point of view
So, the term √ may be missed, see Eq. 5. Somé et al. (2018) claimed that the term � � is defined as * � � and * � � ∝ √ × � � but is still the same as defined in Eq. 13. Based on this argument, the second drawback arises when "a" approaches zero * � � = -5, i.e., becomes negative for short cracks! To overcome this dilemma, UTS of smooth specimen is calculated according to Eq. 7, while, is calculated according to Eq. 9, then: Figure 10 shows dmax/MAZ based in Eq. 7 for different material. It is clear that, if all values of dmax/MAZ are lower than unity, this means the maximum size of non-damaged defect is lower than the nominal maximum size of used aggregate and this is acceptable. It can be concluded that the equation of UTS of smooth specimens suggested by Van de Ven et al. (1997) and adopted by EN 12697-44 (2010) is more reliable than other equations found in the literature. However, the set of equations in EN 12697-44 (2010) should be reviewed and modified. Furthermore, a comparison between the fracture energy calculated based on the whole area of P-LLD curve (AASHTO TP 124-16, 2016 ) and the area of the descending part only is shown in Fig. 11 . Fracture energy for control beam and 20% RAP is almost the same, while, the 40% RAP showed superior fracture energy. As expected, the fracture energy calculated based on the area of the descending part is lower than that based on the area of the whole curve, and subsequently the value of modulus of elasticity predicted from the relation of (KIC) 2 /Gf has an opposite trend. 
